Additive manufacturing processes such as selective laser melting (SLM) are attracting increasing attention and are regarded as the manufacturing technology of the future, because of their ability to produce near net shaped components of theoretically any shape with added functionality. Various properties, including mechanical, tribological, welding, and corrosion properties, of Al-12Si alloys fabricated via SLM have been extensively studied. However, all of these studies were carried out at ambient conditions. Nevertheless, under working conditions, these alloys experience service temperatures ranging between 373 and 473 K. The present study focuses on the evaluation of the mechanical properties of SLM-fabricated Al-12Si alloys in this temperature range. For this, Al-12Si alloy specimens were annealed at 573 K, a temperature well beyond the test temperature in order to provide a stable microstructure during tensile testing. The plasticity of these materials increases along with the size of the dimples on the fracture surface with increasing tensile test temperature. Moreover, the annealed Al-12Si alloy exhibits appreciable tensile properties when tested between 373 K and 473 K. The results suggest that Al-12Si samples fabricated via SLM may be ideal candidates for automotive applications such as pistons and cylinder heads.
Introduction
Selective laser melting (SLM), as one of the additive manufacturing processes, is gaining increasing attention from scientists and engineers, because of its ability to produce three-dimensional metallic components of theoretically any shape and with added functionality from three-dimensional computer-aided design data [1] [2] [3] . Apart from the ability to produce parts with complex dimensions, the parts generally exhibit very fine microstructures [4, 5] . The SLM process involves high cooling rates, which opens up the window of processing even for metallic glasses [6, 7] . The SLM process is controlled by several process parameters in order to produce components without defects such as pores or cracks [8] [9] [10] . However, most of the work has been focused on selected process parameters that define the energy density, namely, laser power, laser scan speed, layer thickness, spot diameter of the laser, and hatch distance [11, 12] . In addition, hatch style also plays a significant role in the SLM fabrication process [13] .
A significant amount of SLM research has been devoted to process parameter optimization, which involves a deep understanding of the process and the properties of the employed materials along
Materials and Methods
Al-12Si (wt %) gas atomized powder was used to produce bulk samples using SLM processing. A SLM 250 HL device equipped with a Yb-YAG laser (SLM Solutions, Lübeck, Germany) was used for the present study. The samples were built at ambient conditions (stated as room temperature henceforth) using the following parameters: a laser power of 320 W for both contour and volume, a laser scan speed of 1455 mm/s for the volume, and a higher laser speed of 1939 mm/s for the contour. Layers 50 µm thick were used with a hatch spacing of 110 µm and a hatch style rotation of 73 • between the layers. The SLM fabrication process was carried out under an argon atmosphere with a slight overpressure inside the building chamber in order to avoid possible oxygen contamination during the process. The oxygen level inside the chamber was kept below 0.2 wt % during the entire building process. Substrate plate heating was not employed during the fabrication process, and the samples were built standing on the substrate plate in the vertical direction. For the present studies, cylindrical tensile bars (according to the standard ASTM: E8/E8M-13a) were built with a total length of 52 mm. The length and diameter of the gauge length were 17.5 mm and 3.5 mm, respectively, and the samples were built on the substrate plate made of the sample material. Support structures were built between the substrate plate and the samples in order to ensure (1) good mechanical stability of the parts, (2) adequate heat dissipation during the building process, and (3) easy removal of the part from the substrate plate after the fabrication process is complete. The tensile bars were annealed at 573 K for 6 h in an argon atmosphere to avoid oxidation of the samples during the annealing process.
Structural analysis was performed via X-ray diffraction (XRD) using a D3290 PANalytical X'pert PRO (PANalytical, Kassel-Waldau, Germany) X-ray diffractometer in Bragg-Brentano configuration equipped with Co Kα (λ = 0.17889 nm) radiation along the cross section of the SLM-fabricated samples. Structural refinement of the XRD patterns was carried out by Rietveld profile-fitting using the commercially available software package WinPlotR [55] . The microstructures of the Al-12Si samples before and after the annealing process as well as the surface after tensile tests were examined via scanning electron microscopy (SEM) using a Gemini 1530 microscope (Gemini, Göttingen, Germany) using an accelerating voltage of 10 kV. Tensile tests were carried out at room temperature (300 K) and at 373, 423, and 473 K, severally, using an Instron 8562 (Instron, Darmstadt, Germany) testing facility under quasistatic loading conditions with a strain rate of 10 −4 s −1 . The strain was measured using a conventional extensometer. Three samples were tested under each condition in order to evaluate the repeatability of the test results. The examination of the dimple size was carried out via an image analysis of the corresponding SEM micrographs. Three samples were tested in each case to ascertain the reproducibility, and the most representative curves are shown in the manuscript. Four random lines were superimposed on each micrograph, and three micrographs were used for each sample to estimate the dimple size.
Results and Discussion
Results for as-prepared SLM-fabricated samples and SLM-fabricated samples annealed at 573 K have been reported elsewhere [18] ; only necessary information will be discussed here. The XRD patterns of the as-prepared SLM-fabricated samples and the samples annealed at 573 K are shown in Figure 1 . Only the typical diffraction peaks corresponding to the phases Al and Si are observed. The as-prepared SLM-fabricated samples show a unique diffraction pattern, where the intensity of the Al (111) and (200) peaks is reversed, corroborating the presence of texture in the SLM-fabricated material. The Si peaks are not predominant but rather weak in intensity. This suggests a reduced amount of free residual Si (~1 wt %) in the as-prepared material, which is due to the extended solid solubility of Si in Al [17, 18] . The lattice parameter of the Al phase is 0.40508 ± 0.00002 nm with crystallite sizes (calculated from the XRD data) of 118 ± 2 nm and 8 ± 1 nm for Al and Si, respectively. With the application of thermal energy, i.e., for the samples annealed at 573 K, the XRD pattern reveals an increase in the intensity of the Al (111) peak at the expense of the (200) peak, suggesting a partial reversal in texture. However, no phase transformation is observed for these samples. On the other hand, the intensity of the Si peaks increases, suggesting that Si is expelled from the supersaturated solid solution of Si in Al. The lattice parameter of Al increases from 0.40508 ± 0.00002 nm in the as-prepared material to 0.405199 ± 0.00002 nm after annealing. This provides direct evidence of Si rejection of the Al matrix. The amount of free residual Si after annealing is~6 wt % (as compared tõ 1 wt % in the as-prepared condition). Simultaneously, the crystallite sizes of Al and Si increase from 118 ± 2 nm and 8 ± 1 nm to~120 ± 2 nm and 48 ± 2 nm, respectively.
The microstructure of the as-prepared SLM-fabricated samples (Figure 2a ,b) shows a typical SLM microstructure, where the laser tracks are visible and the microstructure along the hatch overlaps differs from the core of the tracks. The hatch overlaps involve double melting; hence, the cooling rate is reduced, leading to a coarser microstructure than the track cores. It has also been observed for as-prepared SLM-fabricated Al-12Si samples that the Si concentration is higher along the hatch overlaps [18] . A cellular microstructure is observed in the core of the sample, where the cell boundaries are enriched in Si compared to the cell interior [17, 18] . On the other hand, the hatch overlaps show an elongated morphology. The samples annealed at 573 K show a completely different microstructure (Figure 2c,d ). With annealing, the rejection of Si from the supersaturated Al phase takes place, and Si precipitates in the form of particles. The Si, which was present along the cell boundaries in the as-prepared sample, diffuses to form particles, and these particles act as nucleation sites for the precipitation of excess Si from the Al matrix. Hence, the microstructure transforms to a composite-like microstructure consisting of an Al-matrix reinforced with Si particles. The size of the Si particles is 0.28 ± 0.01 µm, and the Si particle density along the core of the hatches is 2.69 ± 0.06 particles/µm 2 . In contrast, the Si particle density along the hatch overlaps (6.01 ± 0.57 particles/µm 2 ) is about twice that of the Si particle density in the core of the hatches. transforms to a composite-like microstructure consisting of an Al-matrix reinforced with Si particles. The size of the Si particles is 0.28 ± 0.01 µm, and the Si particle density along the core of the hatches is 2.69 ± 0.06 particles/µm 2 . In contrast, the Si particle density along the hatch overlaps (6.01 ± 0.57 particles/µm 2 ) is about twice that of the Si particle density in the core of the hatches. Figure 3a shows the tensile true stress-strain curves of the as-prepared SLM-fabricated samples tested at room temperature and for samples annealed at 573 K at room temperature (300 K), 373, 423, and 473 K, and the corresponding mechanical data are summarized in Figure 3b . The as-prepared SLM-fabricated samples show a yield strength (YS) of ~ 240 ± 1 MPa and an ultimate tensile strength (UTS) of ~385 ± 4 MPa with ~3% ± 0.1% strain. After annealing the samples at 573 K, the room temperature tensile test results reveal that the YS drops to ~138 ± 3 MPa and the UTS to ~207 ± 5 MPa along with a marginal plasticity improvement to about 3.8% ± 0.2%. The samples annealed at 573 K transforms to a composite-like microstructure consisting of an Al-matrix reinforced with Si particles. The size of the Si particles is 0.28 ± 0.01 µm, and the Si particle density along the core of the hatches is 2.69 ± 0.06 particles/µm 2 . In contrast, the Si particle density along the hatch overlaps (6.01 ± 0.57 particles/µm 2 ) is about twice that of the Si particle density in the core of the hatches. Figure 3a shows the tensile true stress-strain curves of the as-prepared SLM-fabricated samples tested at room temperature and for samples annealed at 573 K at room temperature (300 K), 373, 423, and 473 K, and the corresponding mechanical data are summarized in Figure 3b . The as-prepared SLM-fabricated samples show a yield strength (YS) of ~ 240 ± 1 MPa and an ultimate tensile strength (UTS) of ~385 ± 4 MPa with ~3% ± 0.1% strain. After annealing the samples at 573 K, the room temperature tensile test results reveal that the YS drops to ~138 ± 3 MPa and the UTS to ~207 ± 5 MPa along with a marginal plasticity improvement to about 3.8% ± 0.2%. The samples annealed at 573 K Figure 3a shows the tensile true stress-strain curves of the as-prepared SLM-fabricated samples tested at room temperature and for samples annealed at 573 K at room temperature (300 K), 373, 423, and 473 K, and the corresponding mechanical data are summarized in Figure 3b . The as-prepared SLM-fabricated samples show a yield strength (YS) of~240 ± 1 MPa and an ultimate tensile strength (UTS) of~385 ± 4 MPa with~3% ± 0.1% strain. After annealing the samples at 573 K, the room temperature tensile test results reveal that the YS drops to~138 ± 3 MPa and the UTS to~207 ± 5 MPa along with a marginal plasticity improvement to about 3.8% ± 0.2%. The samples annealed at 573 K were then tested at three different temperatures, i.e., 373, 423, and 473 K. As expected, the material softens when tested at elevated temperatures. The YS decreases from 138 ± 3 to 114 ± 4 MPa and the UTS from 207 ± 5 to 122 ± 2 MPa, when the tensile tests were performed at 300 and 473 K. The softening of the matrix along with grain growth with increasing test temperature leads to less pronounced strain hardening behavior in these samples [51] . However, the plasticity of the samples increases from~3.8% ± 0.1% to 5% ± 0.3%, suggesting that SLM-fabricated Al-12Si components at their service temperatures lose their strength only marginally, without a drastic change in their fracture strain, which, in turn, shows a marginal improvement. It is interesting to note that the tensile properties at ambient conditions of the specimen annealed at 573 K is similar to those of the Al-12Si samples fabricated via conventional casting [18] ; however, the properties observed at 473 K are better than the properties of conventionally cast Al-12Si samples tested at the same temperature [56] . were then tested at three different temperatures, i.e., 373, 423, and 473 K. As expected, the material softens when tested at elevated temperatures. The YS decreases from 138 ± 3 to 114 ± 4 MPa and the UTS from 207 ± 5 to 122 ± 2 MPa, when the tensile tests were performed at 300 and 473 K. The softening of the matrix along with grain growth with increasing test temperature leads to less pronounced strain hardening behavior in these samples [51] . However, the plasticity of the samples increases from ~3.8% ± 0.1% to 5% ± 0.3%, suggesting that SLM-fabricated Al-12Si components at their service temperatures lose their strength only marginally, without a drastic change in their fracture strain, which, in turn, shows a marginal improvement. It is interesting to note that the tensile properties at ambient conditions of the specimen annealed at 573 K is similar to those of the Al-12Si samples fabricated via conventional casting [18] ; however, the properties observed at 473 K are better than the properties of conventionally cast Al-12Si samples tested at the same temperature [56] . The fracture surfaces of the as-prepared SLM-fabricated samples exhibit submicron-sized dimples, but no Si particles were observed [16, 18] . The fracture surfaces of the samples annealed at 573 K (Figure 4a ) still show the presence of dimples. However, the size of the dimples is larger than that of the as-prepared SLM-fabricated samples. The fracture morphologies of the samples after the tensile tests were carried out at various temperatures (373, 423, and 473 K) are shown in Figure 4b -d. The size of the Al dimples increases for the samples tested at different temperatures, in agreement with the high-temperature mechanical tests of other Al-based alloys [56] . This increase in dimple size correlates with the softening of the Al matrix at high temperatures, as suggested by the tensile curves in Figure 3 . The size of the dimples as a function of tensile test temperature and YS is shown in Figure 5 . The size of the dimples increases linearly with increasing test temperature (Figure 5a ). Interestingly, a linear correlation is also observed when the YS of the samples is plotted against the dimple size in the form of a Hall-Petch relationship (Figure 5b ). The variation of the dimple size is associated with grain coarsening of the matrix, resulting from the additional thermal energy supplied during the tensile test. In order to have a stable microstructure, the Al-12Si samples were annealed at 573 K. However, in reality, the as-prepared samples will be subjected to service without any annealing treatment. Hence, when these components are used as pistons, the service temperature will be initially utilized for the transformation of the microstructure through diffusion and the properties are expected to be better than the properties observed in the present study. Hence, Al-12Si samples fabricated via SLM show promise as highly suitable materials for components in the automobile sector (such as cylinder heads and pistons). The fracture surfaces of the as-prepared SLM-fabricated samples exhibit submicron-sized dimples, but no Si particles were observed [16, 18] . The fracture surfaces of the samples annealed at 573 K (Figure 4a ) still show the presence of dimples. However, the size of the dimples is larger than that of the as-prepared SLM-fabricated samples. The fracture morphologies of the samples after the tensile tests were carried out at various temperatures (373, 423, and 473 K) are shown in Figure 4b -d. The size of the Al dimples increases for the samples tested at different temperatures, in agreement with the high-temperature mechanical tests of other Al-based alloys [56] . This increase in dimple size correlates with the softening of the Al matrix at high temperatures, as suggested by the tensile curves in Figure 3 . The size of the dimples as a function of tensile test temperature and YS is shown in Figure 5 . The size of the dimples increases linearly with increasing test temperature (Figure 5a ). Interestingly, a linear correlation is also observed when the YS of the samples is plotted against the dimple size in the form of a Hall-Petch relationship (Figure 5b ). The variation of the dimple size is associated with grain coarsening of the matrix, resulting from the additional thermal energy supplied during the tensile test. In order to have a stable microstructure, the Al-12Si samples were annealed at 573 K. However, in reality, the as-prepared samples will be subjected to service without any annealing treatment. Hence, when these components are used as pistons, the service temperature will be initially utilized for the transformation of the microstructure through diffusion and the properties are expected to be better than the properties observed in the present study. Hence, Al-12Si samples fabricated via SLM show promise as highly suitable materials for components in the automobile sector (such as cylinder heads and pistons). 
Summary
Al-12Si samples produced via SLM have been investigated for their high temperature mechanical properties. The Al-12Si samples were annealed at 573 K in order to obtain a stable microstructure during the tensile tests (which were carried out at 373, 423, and 473 K). The as-prepared supersaturated cellular microstructure transforms to a composite-like microstructure, with the free residual Si particles (~6 wt %) reinforcing the Al matrix. The ultimate tensile strength of the as-prepared Al-12Si samples drops from ~385 ± 4 MPa to ~207 ± 5 MPa after annealing-however, with some marginal improvement in ductility. The samples annealed at 573 K tested at different temperatures (373, 423, and 473 K) show appreciable mechanical properties with a marginal drop in strength, but an appreciable improvement in plasticity at the same time. The plasticity improvement can be directly correlated with the increased size of the dimples (grain coarsening) observed on the fracture surface of these samples. The present study suggests that Al-12Si samples fabricated via SLM are well suited to be utilized as components in the automobile sector such as cylinder heads and pistons. 
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